The small salp, Thalia democratica, is known globally to form dense swarms, yet the physiological and oceanographic factors that influence the magnitude and occurrence of these swarms are poorly understood. In this study, two numerical models were used to explore T. democratica population dynamics. A Lefkovitch matrix model identified that the survival of juvenile oozoids was the most important population metric promoting population growth and a size-structured population model was developed to further explore the dynamics of T. democratica. The size-structured model tracks cohorts of four life stages and incorporates size-dependent reproduction and mortality. Model outputs of average generation time and mean abundances of each life stage corresponded well to previously reported values. Factors that promote juvenile oozoid abundance were the most sensitive parameters influencing salp abundance. A 10-year time-series simulation using this population model identified that salp abundances in the Tasman Sea are proportionally higher in winter and spring, consistent with previous studies. This model shows that temperature and phytoplankton concentration are sufficient drivers of large-scale patterns of salp abundance across season and latitude. These results demonstrate the importance of future research focusing on identifying the environmental conditions that influence the size at which females reproduce.
consuming particles from ,1 mm to 1 mm in size (Vargas and Madin, 2004; Sutherland et al., 2010) . They rapidly transfer this energy out of the euphotic zone through fast-sinking carbon-rich faecal pellets (Bruland and Silver, 1981) and carcasses (Henschke et al., 2013; Lebrato et al., 2013) . When salps occur in large swarms (up to 5003 ind. m
23
; Everett et al., 2011) , the carbon flux from salp faecal pellets can be 10-fold greater than the average daily flux (Fischer et al., 1988) , revealing the large input salp swarms can make to the biogeochemical cycle (Henschke et al., 2013) .
Despite the ecological importance of salps, there is a lack of data on basic ecological traits such as growth and mortality rates, primarily due to the difficulty in culturing salps in the laboratory (Heron, 1972; Harbison et al., 1986; Raskoff et al., 2003) . There is also little information on the temporal evolution of salp swarms or how demographic characteristics or population growth rates change with time and oceanographic conditions. Experimental studies have shown that both temperature and chlorophyll a (chl-a) drive variability in growth rates (Heron, 1972; Deibel, 1982; Henschke et al., 2014) ; however, the structure of these relationships and the conditions that provide "optimal" growth rates are unknown. The occurrence of swarms of some salp species is strongly seasonal with the peak abundance occurring in spring (Heron, 1972; Licandro et al., 2006; Henschke et al., 2014) , which suggests that the optimal temperature and chl-a conditions driving growth rates occur at this time.
Salp populations are characterized by alternating generations of sexually reproducing blastozooid and asexually reproducing oozoid life history stages ( Fig. 1 ; Heron, 1972) . Population-level traits such as the blastozooid-to-oozoid ratio and generation time may drive salp abundance (Henschke et al., 2014) . The blastozooid-to-oozoid ratio has been used in several studies as a tool to determine what stage of swarm formation the salp population is in (Menard et al., 1994; Loeb and Santora, 2012) . Generation time is calculated as the time taken from birth of a female blastozooid to birth of the next generation of female blastozooids, and is positively correlated with growth rates (Heron, 1972) . Observational sampling of these life history characteristics often only provides a snapshot of swarm demographics. By exploring the temporal resolution of a salp swarm using a numerical model that can be assessed against observed data, one can identify how these traits may vary during the creation of a swarm under different environmental conditions. For example, the blastozooidto-oozoid ratio or generation time of a seed population may determine the success of future swarm development.
The ubiquitous small salp, Thalia democratica, is the most abundant salp in the Tasman Sea (Thompson and Kesteven, 1942; Henschke et al., 2011) , Swarms of T. democratica are regularly observed in the Tasman Sea (Deibel and Paffenhofer, 2009; Baird et al., 2011; Everett et al., 2011; Henschke et al., 2011) , but there are no continuous long-term zooplankton time-series along the south-east Australian coast (Hobday et al., 2006; Poloczanska et al., 2007) which track the development and decline of salp swarms. The most recent spatially comprehensive salp survey for the Tasman Sea was done 50 years ago (Tranter, 1962) , with smaller scale sampling occurring from 2002 (Henschke et al., 2011 (Henschke et al., , 2014 . One way to enhance our understanding of salp population dynamics is through numerical modelling.
In this study, two numerical models were used to explore the population dynamics of T. democratica. A Lefkovitch (Lefkovitch, 1965) matrix model was used to identify the life history stage which has the greatest influence on population size. A size-structured population model was developed to describe changes in T. democratica abundance in response to environmental conditions. This included simulations using observed sea surface temperature (SST) and chl-a data from three sites on the south-east Australian coast. Specifically, the aims of this study were to develop and implement a numerical model in order to: (i) identify the most influential life history stage in the generation of salp swarms; (ii) explore how the distribution, abundance and life history traits of salp swarms change under different oceanographic conditions; and (iii) identify which model parameters most strongly influence model outputs. 
M E T H O D General approach
Two models were used to examine the temporal dynamics within a T. democratica population. A Lefkovitch (Lefkovitch, 1965 ) stage class matrix model was used to identify which life stage of T. democratica has the greatest influence on population growth. Then, a size-structured population model was developed which incorporated both temperature and phytoplankton dependent growth. Temperature and phytoplankton abundance (chl-a concentration) were used as the external drivers in this model, given their known association with salp abundance (Licandro et al., 2006; Deibel and Paffenhofer, 2009) . Only these two environmental variables were used as long-term analyses have found both temperature (25 years; Licandro et al., 2006) and phytoplankton abundance (17 years; Stone and Steinberg, 2014) to be the most significant environmental drivers of T. democratica abundances. In both models, T. democratica had four life history stages ( Fig. 1 ; Table I ): (i) females, which was the blastozooid life stage from birth (female buds) until release of a juvenile oozoid; (ii) males, which was the life stage formed from females that have released a juvenile oozoid; (iii) juvenile oozoids, which was the life stage of an oozoid until the release of female buds (at around 10 mm length); and (iv) post-release oozoids, which was the life stage of oozoids after the release of female buds.
Lefkovitch matrix model
The Lefkovitch matrix (Lefkovitch, 1965 ) is a stagestructured model of population growth, and is used to forecast future population states. It assumes that the population will either grow or decline linearly, and that each stage class will grow at the same rate. In a constant environment, the proportion of individuals in each stage class of a population tends toward a steady-state (stableage) distribution (Lotka, 1925) . As a result, the Lefkovitch matrix can be used to identify critical life history transitions. The Lefkovitch matrix for T. democratica takes the form of a population projection matrix:
where F i is the stage-specific fecundity, P i is the probability of surviving and remaining in the same stage and G i is the probability of surviving and growing to the next ith stage (also known as the transition probability). P i and G i are calculated based on stage duration and survivorship (Table I) and presented with F i in Table II . Fecundity (Table I) , survival [Equation (7)] and growth estimates [Equation (15) ] are based on published data presented in the size-structured population model below.
The dominant eigenvalue (l) of the Lefkovitch matrix is used to calculate population growth
where N is the number of total individuals at time t. When l ¼ 1, the population remains constant in size through time. When l , 1, the population declines geometrically, and when l . 1, the population increases geometrically. Sensitivity analysis reveals how very small changes in both F i and P i will affect l when the other elements in the matrix are held constant. This is calculated using the stable stage distribution (w; right eigenvector) and stagespecific reproductive values (v; left eigenvector). The elasticity matrix shows the sensitivity of population growth (l) to changes in survival within the same stage. Because the elasticities of these matrix elements sum to 1, they can be compared directly in terms of their contribution with the population growth rate. For more information on how sensitivity analyses are conducted for Lefkovitch matrix models, see Caswell (Caswell, 1989) . Size-structured population model
The size-structured population model is a discrete-time model, following cohorts of each life history stage, at an hourly time step. It is size-structured because it uses size-dependent reproduction and mortality, where growth is dependent on food consumption ( phytoplankton carbon concentration) and temperature (Fig. 2) . Temperature and phytoplankton carbon concentration values are derived from a 10-year time-series (2003 -2012) of satellite calculated SST and chl-a values. Phytoplankton carbon was calculated from the available chl-a using a chl-a-to-phytoplankton carbon ratio (CPR) of 1:90.6977 (Mullin, 1983) . Phytoplankton carbon was used instead of chl-a mass to correspond to mass-specific clearance rates (Deibel, 1985) . This relationship is explained in further detail below [Equation (16)].
Salp abundance
The abundance of salps at time t is given by:
where N t is the total salp abundance (ind. m
23
), Nf t,n is the abundance of females, Nm t,n is the abundance of males, Nj t,n is the abundance of juvenile oozoids and Np t,n is the abundance of post-release oozoids from the nth generation at time t.
The abundance of females is calculated: ) that are 10 mm long from the n 2 1 generation at time t. The term Nf t,n Â Rf t represents the females that have recently reproduced and transitioned into males, and the term Rs t Â Nj10 t,n2 1 represents the female buds that were recently released from a juvenile oozoid.
The abundance of males is calculated:
where Mm is the male mortality rate (h
21
). The abundance of juvenile oozoids is calculated:
where Mj t is the juvenile oozoid mortality rate (h
). Nf t,n Â Rf t also refers to the abundance of juvenile oozoids born at time t as each female can only produce one offspring.
When juvenile oozoid length is .10 mm (at Nj10 t,n ; Heron, 1972) , juvenile oozoids give birth to females and transition into post-release oozoids. Therefore within the N. HENSCHKE ET AL. j A SIZE-STRUCTURED THALIA DEMOCRATICA MODEL same generation, the abundance of post-release oozoids is calculated:
where Mp t is the post-release oozoid mortality rate (h
). The division between the two oozoid stages was made as a mathematical convenience, to ensure only one release of female buds per oozoid.
Mortality rate
The length-based instantaneous total mortality rate for females and juvenile oozoids is given as negative power curves. The parameter values are based on laboratory experiments (Deibel, 1982) and, in this model, mortality is also dependent on phytoplankton concentration:
where Mf t is female mortality rate (h 21 ), Lf t is female length (mm) and PM t is the phytoplankton concentration mortality multiplier at time t [see Equations (9) - (11)]; a and b are constants (Table III) . The same equation is used for juvenile oozoid mortality rate (Mj t ), where juvenile oozoid length (Lj t ) replaces female length (Lf t ) and the constants c and d replace a and b.
As males are known to die after fertilization, independent of length (Miller and Cosson, 1997) , their mortality rate includes a constant:
where Mm t is male mortality rate (h
21
) at time t and mm (h
) is a constant. This constant (mm) was calculated assuming males have the same mortality rate as young females (Andersen and Nival, 1986) , and is equal to the average mortality rate for a 1 -2 mm female individual. Similarly, oozoids post-release are given a mortality rate (Mp t ) irrespective of length where mm is replaced by mp. As oozoids are generally found in much lower abundances than blastozooids (females and males; e.g. Henschke et al., 2014) , it is assumed that after birth of females, post-release oozoids will have a mortality rate similar to, but not as high as, males. As there are no data available on stage-specific mortality rates, it is difficult to accurately determine the mortality relationship for older life history stages (males and post-release oozoids). Both males and post-release oozoids have little effect on population abundances due to their low abundances and no reproductive output (Heron, 1972) ; hence, salp population abundance is likely to be relatively insensitive to variations in their mortality rates. Regardless, the mortality rate parameters are included in our sensitivity analysis.
The phytoplankton concentration mortality multiplier (PM t ) increases salp mortality when phytoplankton concentration is low. This multiplier is necessary to ). This was calculated based on Threlkeld (Threlkeld, 1976) who states that when zooplankton are starved, mortality will equal 100% after 5 days:
where NP t is the concentration of available phytoplankton carbon at time t (mg C m 23 ), C t is the total concentration of phytoplankton consumed by salps at time t (mg C m 23 ) and K is the maximum phytoplankton carbon value expected ("carrying capacity"; mg C m 23 ). Given that this model uses phytoplankton from a time-series of observed data, it is necessary to reduce the concentration of phytoplankton to that which can be consumed by salps while ensuring a sustainable supply remains. It would be spurious to allow salps to consume all phytoplankton without acknowledging the positive concentration of phytoplankton in the following time step. Thus, the satellite-derived chl-a was reduced using a production:biomass (PB) ratio of 0.014 h 21 to calculate the concentration of chl-a available for salp consumption. PB ratios are commonly used to estimate the biomass that can be sustainably removed from a standing stock biomass (Ney, 1990; Christensen and Pauly, 1992) . K was set at the maximum phytoplankton carbon concentration calculated from a 10-year time-series of data from either the Coffs Harbour, Sydney, or Eden coast (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) depending on the location of the time-series simulation.
Length and growth rate
Female body length is calculated as:
where Lf t is the length of the female (mm) and G t is the growth rate (mm mm 21 h
21
) at time t. The same equation is used to calculate length for each life history stage, with Lf t replaced by the respective length for each stage.
Growth is proportional to phytoplankton consumption and temperature, and is calculated:
where G t is the actual temperature and phytoplankton dependent growth rate (mm mm 21 h 21 ), Gmax t is the maximum length-dependent growth rate (mm mm 21 h 21 ) and DT t is the deviation of the temperature (T t ; 8C) at time t from the temperature (T opt ; 8C) at which Gmax t occurs (i.e. the optimal temperature). Growth (G t ) equals Gmax t when salp total consumption (C t ) is less than the available phytoplankton concentration (NP t ); i.e. when food supply exceeds food demand. As C t begins to exceed NP t , G t decreases. There are little data available to validate the structure of this consumption-based growth component, and future models may benefit from investigating the relationship between consumption and growth rate in more detail.
A normal distribution is used to describe the declining growth rate of salps on either side of T opt , and DT t is found using the following normal probability density:
where s T is a parameter used to specify the range of temperatures at which T. democratica occurs (Thompson, 1948) . This is the same for each stage. Maximum length-dependent growth rate is the same for each stage is calculated from Heron (Heron, 1972) using an exponential equation:
where L t is the stage-specific length (mm) at time t; h and j are constants.
Phytoplankton consumption rate
The salp population's total phytoplankton consumption (C t ; mg C h 21 ) is equal to the sum of stage-specific consumption and is based on average mass-specific clearance rates calculated for T. democratica (Deibel, 1985) :
where CR is the mean hourly consumption required by a T. democratica individual (set at 2% of body mass as carbon), Bf t is the body mass of females (mg C m 23 ), Bm t the body mass of males, Bj t is the body mass of juvenile N. HENSCHKE ET AL. j A SIZE-STRUCTURED THALIA DEMOCRATICA MODEL oozoids and Bp t is the body mass of post-release oozoids at time t.
Thalia democratica body mass (mg C m
23
) was calculated based on length (Deibel, 1985) :
where o and p are constants. The same equation is used for the other stages.
Reproduction
Female reproduction results in only one oozoid offspring per parent (Heron, 1972) and is calculated:
where Rf t is the average female reproduction rate (oozoids female
21
), Rmax t is the maximum average female reproduction rate (oozoids female 21 ) and Rmf t is the proportional reproduction success related to male density at time t.
As the size range of reproductive females varies (from 4 to 10 mm), a logistic curve was used to represent cumulative size-dependent female reproduction. It assumes that 50% of females will be reproducing at 8 mm (Heron, 1972) , and as they increase in size the likelihood of reproducing increases to a maximum average of one offspring per female. Therefore, maximum female reproduction is:
where the numerator is the maximum reproduction rate per individual female (1 oozoid female 21 ) and L 50 (mm) is the length at which 50% of the female population has reproduced.
As male fertilization is necessary for the production of oozoids, actual reproduction rate will be dependent on the abundance of males. To incorporate male abundance into female reproduction rate we used:
where MF t is the male-to-female ratio at time t and MF 50 is the ratio of males-to-females that gives 50% reproduction efficiency. For oozoid reproduction, it was assumed that all chains of female buds will be released when an individual reached 10 mm (average size for female bud release; Heron, 1972 
Model simulation
To compare model outputs with observed salp data, and to evaluate predicted seasonal and yearly variation in salp abundance, simulations were run for a 10-year period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . Three locations were chosen along the New South Wales coast: Coffs Harbour (30.298S, 153.168E), Sydney (348S, 151.158E) and Eden (37.088S, 149.968E). The Coffs Harbour region is subtropical and dominated by the East Australian Current (EAC; Suthers et al., 2011) . Both the Sydney and Eden regions are temperate and south of the EAC separation zone . Daily observations of SST and chl-a data were obtained from the Moderate Resolution Imaging Spectroradiometer Aqua Satellite (MODIS) via the Integrated Marine Observing System (IMOS) Data Portal (http://imos.aodn.org.au/imos/) at 1-km resolution. To maximize data availability, 7-day running averages were calculated for both SST and chl-a concentration before data were interpolated into hourly increments to match the time step of the numerical model. SST and chl-a data were averaged seasonally, and compared across years with a two-way analysis of variance (ANOVA). Tukey's HSD test was used for a posteriori pair-wise comparisons between factor levels for all ANOVAs.
For each location, the time-series simulation was spun-up for 10 years to allow the model to reach a quasi steady-state before commencing the model simulations. The initial abundances of females and males to begin a simulation were derived from Henschke et al. (Henschke et al., 2014) . The initial abundances of juvenile oozoids and post-release oozoids were set at zero in order to only have one reproductive generation existing at a time. Following the spin-up, the model state from the final time step was used to initialize the 10-year model simulation. Model outputs were averaged monthly and seasonally to correspond with observational data. Zooplankton have been sampled near monthly at the Port Hacking National Reference Station (near Sydney) from 2002, and salp abundances were used to validate the Sydney model simulation. For a full description of the sampling method, see Henschke et al. (Henschke et al., 2014 
Sensitivity analysis
A sensitivity analysis was conducted on the model simulation as per Smith et al. (Smith et al., 2012) . This involved randomly varying a selection of input parameters over many iterations, followed by a model selection to discern which input variables were most influential to selected model outputs. Most parameters were included in the analysis, especially those with input values that were uncertain (e.g. the maximum growth coefficient, h), or if they were likely to vary biologically (e.g. temperature, T t ). Random sets of parameter values were created at either the assigned value or +10% of the value. The model output variables that were tracked for the sensitivity analysis were population abundance, population biomass, stage-specific salp abundance, blastozooid-to-oozoid ratio and generation time. For this analysis, the population model was run at sub-optimal temperatures (T ¼ 148C) to better identify the sensitivity of model outputs to temperature. To test the sensitivity of the model outputs to phytoplankton concentration, the model was run at a constant phytoplankton concentration (0.39 mg C m 23 ; average of Sydney time-series). Random parameter values were varied across each simulation until the variance for the average model outputs stabilized (1000 variations of random parameters). Parameter values were standardized according to Kleijnen (Kleijnen, 1997) ; and bidirectional step-wise regression analysis and Akaike's Information Criteria were used to determine the most influential input variables for each model output.
R E S U LT S Lefkovitch matrix model
Based on the Lefkovitch matrix the T. democratica population stabilizes and grows at a rate (l) of 1.32 day
21
. The proportional sensitivity (or elasticity) of l to changes in F i , P i and G i is given in Fig. 3 . As the elasticity values in the elasticity matrix sum to one (Caswell, 1989) , they show the relative contribution of each matrix element to l and can be plotted. When conditions are kept stable (i.e. optimal temperature and food resulting in maximum growth and reproduction rates), juvenile oozoids appear to be the most important generation promoting population growth, with a 1% increase in the probability of juvenile oozoid survival (P i ) resulting in a 0.29% increase in population growth (Fig. 3) .
Time-series simulation
Strong seasonal trends were observed in SST and chl-a concentration across all locations (Fig. 4) . SST was significantly higher in Coffs Harbour compared with Sydney and was lowest overall in Eden (F 2,108 ¼ 659.17, P , 0.001). Across all locations, SST was higher in summer and autumn (F 3,108 ¼ 423.75, P , 0.001; Table IV) . Warmer SST was associated with lower chl-a concentration, with the highest chl-a concentration occurring in winter and spring (F 3,108 ¼ 66.96, P , 0.001; Table IV) , and the highest overall chl-a concentration in Eden (F 2,108 ¼ 65.77, P , 0.001).
Mean , respectively). Spring and winter also corresponded to shorter generation times (8 and 7 days respectively) at Sydney compared with 17 days in both summer and autumn. Model-simulated values for Sydney correspond well to monthly trends seen in T. democratica abundances at the Port Hacking National Reference Station, particularly during winter and spring (June -November; Port Hacking mean ¼ 45.81 + Fig. 3 . The elasticity, or proportional sensitivity of population growth (l) to changes in survival within the same stage (black bars), survival while transitioning to the next stage (grey bars) or fecundity (white bars). Because the elasticities of these matrix elements sum to 1, they can be compared directly in terms of their contribution to the population growth rate. Males are not included in the graph as l was not sensitive to variation in male survival. P i is the probability of surviving and remaining in the same stage, G i is the probability of surviving and growing to the next ith stage and F i is the stage-specific fecundity.
140.40, n ¼ 93; Fig. 6 ). At Eden, salp abundances were higher in winter (138 ind. m ). Generation times at Eden ranged from 7 days (winter and spring) to 10 days (summer and autumn). Females were the most dominant life history stage across each location ( 81% ; Table IV) , with juvenile oozoids the second most dominant life history stage ( 12%). The blastozooid-to-oozoid ratio ranged from 5 to 11 at Sydney, and 9 to 11 at Eden (Table IV) . After the initial spin up, no salps survived at Coffs Harbour, so no further results are presented here.
Sensitivity analysis
Given that the influence of temperature (T t ) within this model is proportional to DT, when DT approaches zero (i.e. T t ¼ T opt ), the sensitivity of each model output to temperature approaches zero. During sub-optimal temperature conditions (i.e. DT . 0), the most parsimonious model explaining the variation of T. democratica population abundance consisted of eight parameters (R 2 ¼ 0.31, F ¼ 56.4, P , 0.001; Fig. 7a ). Temperature (T), the growth rate coefficient (h), the female mortality coefficient Values are means (+SD). B-O ratio, blastozooid-to-oozoid ratio; F, females; M, males; J, juvenile oozoids; PR, post-release oozoids.
JOURNAL OF PLANKTON RESEARCH j VOLUME 37 j NUMBER 5 j PAGES 1074-1087 j 2015 (a) and the length at which 50% of females were reproducing (L 50 ) had the largest influences on total salp abundance. The best model for generation time contained four parameters, and explained 95% of the variation (F ¼ 4289, P , 0.001; Fig. 7b ). T and h were the parameters with the largest influence on generation time. T and L 50 had by far the largest influence on the blastozooid-to-oozoid ratio (R 2 ¼ 0.72, F ¼ 254.5, P , 0.001; Fig. 7c) . T, h, a and L 50 played the largest influences on female (R 2 ¼ 0.30, F ¼ 54.3, P , 0.001; Fig. 7d ), (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Fig. 7e ), juvenile oozoid (R 2 ¼ 0.33, F ¼ 62.16, P , 0.001; Fig. 7f ) and post-release oozoid abundances (R 2 ¼ 0.31, F ¼ 73.66, P , 0.001; Fig. 7g ).
D I S C U S S I O N
Our size-structured population model is the first T. democratica population model to incorporate food-based density dependence, and shows that SST and phytoplankton abundance (chl-a) can be sufficient drivers to create realistic large-scale population dynamics of T. democratica. Juvenile oozoids were identified as the life history stage most influential to population biomass by both the Lefkovitch matrix and the size-structured population model. This model demonstrates that population-level traits need to be considered when seeking to understand the location and biomass of salp swarms.
Comparison of the modelled salp population with field estimates
The salp abundance estimated from our size-structured population model agreed well with broad-scale field observations. The modelled mean spring population abundances of T. democratica (82 and 124 ind. m Henschke et al., 2014) . These abundances are generally dominated by blastozooids ( 90% of the total population; Henschke et al., 2011) which result in blastozooid-to-oozoid ratios ranging from 8.8 to 11.2 (Henschke et al., 2014) . Proportional abundances of blastozooids (80-90%) and oozoids (9-20%) and the mean blastozooid-to-oozoid ratio (9) estimated in the simulation were consistent with these field studies. The large variation observed in the modelled proportional abundances of oozoids could be explained by the patchiness of salp swarms, and the undersampling of oozoids in the field due to their low abundances (Hamner et al., 1975) .
Average generation times (7 -17 days) were within the range previously observed (2 -21 days; Braconnot, 1963; Heron, 1972; Deibel, 1982; Tsuda and Nemoto, 1992) . Generation time is negatively correlated with growth rates, and the maximum growth rate used in this model [Equation (15)] equates to a generation time of 2 days (Heron, 1972) . Everett et al. (Everett et al., 2011) demonstrated that it would be unsustainable for a salp swarm in the Tasman Sea to be growing as fast as suggested by Heron (Heron, 1972) as they would deplete all the nitrogen supporting phytoplankton within the water column in less than a day. The generation time achieved in this model under optimum conditions such as in spring was 7 -8 days, which is a more realistic value and corresponds well to the shortest duration of an in situ salp swarm (1 week; Deibel and Paffenhofer, 2009) . The agreement between simulated salp abundances and generation times and their field estimates suggests that the parameterization between maximum growth rate and environmental conditions (SST and phytoplankton concentration) used in this model was appropriate.
Pattern of long-term and seasonal salp abundance
The seasonal variation of salps sampled at Port Hacking was well captured by the model simulation; however, the simulation underestimated salp abundances occurring during late summer and autumn (February -May; Fig. 6 ), suggesting that other factors could be promoting summer swarms of salps in the field. It would be ideal to use other long-term datasets to aid validation of our model, but there is a lack of spatially resolved zooplankton studies within the Tasman Sea. Apart from the Port Hacking study (2002 -2010 Henschke et al., 2014) , the most comprehensive studies sampling salps occurred from 1938 to 1941 (Thompson and Kesteven, 1942) and from 1957 to 1960 (Tranter, 1962) . In these early studies, mean yearly salp abundances along the south-east coast of Australia (south from Sydney) did not differ significantly with latitude (Tranter, 1962) which agrees with the output of the time-series simulation in the current study for Sydney and Eden.
The absence of salp survival at Coffs Harbour suggests that this location has poor conditions for the formation of salp swarms, probably due to the high SST experienced (mean ¼ 24.38C). Historical samples found very low abundances of T. democratica at or north of Coffs Harbour and a total absence of salp swarms (Thompson and Kesteven, 1942; Tranter, 1962) . This is consistent with monthly zooplankton sampling (from 2009) north of Coffs Harbour near Stradbroke Island (278S), that has found T. democratica occurs in low abundances year round (,10 salps m 23 ; IMOS, 2014). The time-series simulation showed strong seasonal variation at Sydney, with T. democratica abundances significantly higher during winter and spring. Winter and spring were associated with lower SST and higher chl-a concentration (Table IV) , which suggests that higher salp abundances at Sydney are associated with oceanographic conditions that promote phytoplankton blooms. Seasonal variation in T. democratica abundance is well documented off Sydney and Eden, with abundances generally being higher in spring off Sydney (Thompson and Kesteven, 1942; Tranter, 1962; Baird et al., 2011; Henschke et al., 2014) and higher in late spring and summer off Eden (Thompson and Kesteven, 1942; Tranter, 1962; Baird et al., 2011) .
Compared to Sydney, the range in seasonal abundances of salps was not as strong at Eden. Simulated salp abundances were consistently high throughout the year at Eden which could be a result of SST being near optimum year round (mean ¼ 18.68C). The cooler waters at Eden would favour salps, compared with warmer waters further north . Compared with other locations along the south-east Australian coast, Eden also has a strong seasonal chl-a signal, with higher chl-a concentration observed in winter and spring . Generally, simulated salp abundances were higher in winter and spring, which is likely to be promoted by the higher chl-a (phytoplankton) concentrations in these seasons.
Sensitivity analysis
The sensitivity analysis identified that salp generation time was most sensitive to changes in water temperature and maximum growth rate. This indicates that generation time decreases (i.e. salp growth rate increases) with temperature towards the optimum due to the proportional relationship between temperature and growth. This relationship would reverse as temperatures increase above the optimum. Total salp abundance and abundances of each life history stage were most sensitive to changes in temperature (T), the growth rate coefficient (h), the female mortality coefficient (a) and the length at which 50% of females were reproducing (L 50 ). Abundance was negatively related to T, h and L 50 and positively related to a. Reducing the size at which females reproduce and increasing female mortality would result in an overall decrease in the proportion of females (due to mortality and some becoming males earlier), and an increase in the proportion of oozoids. A negative relationship between temperature and the growth coefficient also indicates that higher salp abundances occur as growth rate is reduced. Reducing the growth rate would result in a delay before the next generation of females is born, as oozoids only give birth once they reach 10 mm. This suggests that higher salp abundances occur when juvenile oozoid survival is favoured over females. When conditions are kept stable, the survival of juvenile oozoids was found by the Lefkovitch matrix model to be the most influential life history parameter to a salp population. Salp populations with low abundances have been found with a paucity of oozoid stages (Henschke et al., 2011; Loeb and Santora, 2012) , confirming that oozoids are necessary to increase population abundances. This is most likely due to their high reproductive rates compared with females (up to 240 offspring per individual; Heron, 1972) .
Model limitations
Numerous parameter values remain uncertain in this salp population model due to a lack of experimental data for T. democratica. Experimental data could improve the accuracy of model outputs, and the sensitivity analysis can be used to prioritize parameters for study. The model assumption most in need of empirical support is the length at which 50% of females were reproducing (L 50 ). Variations in L 50 significantly influenced the abundances of each life history stage. The size at which 50% of females release oozoids is unknown, and the size range for reproductive females is large (4 -10 mm; Heron, 1972) . Understanding the conditions which may influence the length at which females release juvenile oozoids may be key to predicting salp swarm magnitude, particularly if juvenile oozoids are the most influential life history stage in a salp population.
Both temperature and phytoplankton concentration greatly influenced population dynamics and abundances. This was expected given that they were the only two environmental parameters used in the model. The influence of temperature was more pronounced, and this is echoed in the field (Lucas et al., 2014; Stone and Steinberg, 2014) . Long-term studies have found it difficult to correlate salp abundance directly to chl-a, most likely due to chl-a encompassing both growth and removal of carbon (Lucas et al., 2014) . Although both temperature and phytoplankton concentration (chl-a) are probably the main drivers of salp abundance (Licandro et al., 2006; Deibel and Paffenhofer, 2009) , incorporating other environmental parameters such as nutrients, and more complex model structures such as a dynamic chl-a model (i.e. a predator-prey analysis rather than a timeseries analysis), may improve the model's accuracy.
Predicting Thalia democratica swarms
The lack of long-term zooplankton abundance data means that there is little understanding of how zooplankton populations respond to environmental variation, and there is significant uncertainty around the trajectory of salp biomass in a changing ocean (Brotz et al., 2012; Condon et al., 2013) . The salp population model in this study enabled an analysis of the seasonal and broad spatial variation of T. democratica swarms. Salp population dynamics were driven by changes in temperature and phytoplankton concentration that generally occur during winter and spring, consistent with field observations. To increase the predictive capabilities of this model, future research should prioritize the relationships between salp growth and ingestion rates, and the conditions altering the size at which females reproduce. Running this model with different salp species and in different oceanographic areas will help to broaden the scope of these findings.
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